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Abstract 
Radioisotope concentrations (Cs-137 and I-131) in sewage sludge, obtained on a daily basis in the Fukushima city 
wastewater treatment plant from end of April 2011 until end of December 2013, have been analysed for their 
evolution with time, and the time series have been compared to similar data from central Europe after the Chernobyl 
accident. Additionally, daily rainfall data have been considered for Fukushima. 
The long-term trends for Cs-137 are very similar between Japan and Europe, indicating a decrease of concentration 
with an initial half-life of about 1 year with a tendency towards a slower decrease at later times. Short-term Cs-137 
data indicate a dominating influence of rainfall – each significant rainfall event leads to a sharp increase of sludge 
Cs-137 concentration. Absolute values (maximum: ca. 6000 Bq kg-1) are relatively low compared to Europe after 
1986 – this is attributed to the different types of sewer systems: separated in Fukushima, collecting only small 
amounts of rainfall with the wastewater, mixed in many cities in Europe, collecting rainwater and wastewater in the 
same sewer. I-131 was detectable during short intervals and at relatively constant maximum concentration (ca. 1000 
Bq kg-1) during the whole observation period. The origin is suspected to be routine medical application of the 
isotope, which has been shown to contribute significantly to sewage sludge concentration wherever it is in use. 
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1. Introduction 
The release of radioisotopes to the environment from the Fukushima-Daiichi nuclear power plants (FDNPP) in 
2011 has lead to considerable regional surface contamination. The geographical distribution of the radioisotopes is 
now well documented [1], and measures against direct irradiation and uptake through the food chain as well as for 
decontamination are widely applied. 
Apart from remaining on the location of deposition, the radionuclides can take part in terrestrial and aquatic 
transport processes, which can lead to geographical displacement and accumulation at specific sites, e.g. in 
sediments of water bodies. One driving mechanism is rainfall-driven surface runoff and erosion. Apart from reaching 
water bodies directly, rainfall can also enter sewer systems and thereby transport radioisotopes to wastewater 
treatment plants (WWTP), especially when rainwater and wastewater use the same sewer system. This process has 
been observed in Europe after the Chernobyl accident, where high contamination levels of sewage sludge have been 
reported. The problem was recognized in Japan, and sewage sludge is monitored for radioisotope content on a daily 
basis and stored as radioactive residue when necessary. 
From this monitoring, time series data of sewage sludge activity arise, which can be a valuable source for 
identifying terrestrial and aquatic transport processes. Furthermore, by comparison with Chernobyl-related long term 
data, predictions for future developments in Japan might be derived. 
2. Analyzed database 
The operators of Fukushima city WWTP made their dried sewage sludge monitoring results for I-131 (the 
dominant short-lived fallout isotope, T1/2 = 8.03 d), Cs-134 and Cs-137 (the dominant long-lived isotopes, T1/2 = 
2.07 yr and 30.08 yr) available for analysis. The time covered lasts from end of April 2011 until end of December 
2013, i.e. about 2.7 years. Daily precipitation data were also provided by the same source. Furthermore, two WWTP 
sludge Cs-137 datasets from Germany and Austria, covering several years after the Chernobyl releases, were taken 
from the literature for comparison [2, 3].  
2.1. Fukushima city WWTP Cs-137 data 
Fukushima city WWTP is located at the left bank of the Abukuma River, downstream of the city center. It serves 
a population of 185,000, has a capacity of 70,000 m3 d-1 and a catchment area of 41 km2. The sludge production 
amounts to about 45,000 kg d-1. By design, wastewater and rainwater are collected in different sewer systems. The 
FDNPP-related Cs-137 surface deposition density in the catchment area is ca. 300 kBq m-2 [1]. 
The Cs-137 time series is presented in Fig. 1. Cs-134 data have been excluded for clarity – the concentration was 
always close to what could be expected from the initial nuclide vector (ratio Cs-137/Cs-134 close to 1 [1]), taking 
into account the faster decay of Cs-134. 
The Cs-137 data exhibit a continuous decrease with time, a seasonal trend (lower values in winter) and individual 
spikes. Initially the decrease is somewhat faster than at later times. A half-life of 1 year would be suitable for a 
general characterization of the decrease, indicated by the black guiding line. The grey line results from a double 
exponential expression (see discussion section). An expanded view for a shorter time period of one month (Fig. 2) 
shows the peaks in the Cs-137 time series in more detail, each of them occurring after a rainfall event. The 
maximum value for Cs-137 is about 6,000 Bq kg-1 on July 27, 2011. Earlier data (March and April 2011) were 
probably higher. 
 
 
258   Helmut W. Fischer and Yoshiyuki Yokoo /  Energy Procedia  59 ( 2014 )  256 – 262 
 
Fig. 1. Complete 2.7 years time series for Cs-137 in sludge (dry mass) and daily rainfall amount for Fukushima city WWTP. A black guiding line 
for a half-life of 1 year has been added. The grey guiding line results from a double exponential fit (see text section 3.1). For the rainfall data 
single symbols indicate one-day events whilst symbols connected with dotted lines result from consecutive recordings. 
 
Fig. 2. Expanded view of Cs-137 in sludge (dry mass) and daily rainfall data for Fukushima city WWTP for one month. 
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Fig. 3. Cs-137 concentration of WWTP sludge (dry mass) in Ingolstadt, Germany over 4 years. Cs-134 data are also shown (lower line) [2]. A 
thin guiding line corresponding to a decay half-life of 1 year has been added. Reproduced with permission. 
 
Fig. 4. Cs-137 concentration of WWTP sludge (dry mass ) in Vienna, Austria over 13 years [3]. Numbers represent the fitted decay constants for 
the early and late part of the time series, corresponding to a half-life of 0.33 and 3.5 years (dashed line). As in previous figures, a thin guiding line 
corresponding to a decay half-life of 1 year has been added. Reproduced with permission. 
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2.2. WWTP Cs-137 data from Europe after Chernobyl fallout 
Two European datasets are displayed in Figs. 3 and 4. Fig. 3 shows a 4 year time series (1986 to 1989) of WWTP 
sludge concentration for Ingolstadt, located in the south of Germany, subject to a Cs-137 fallout of ca. 25 kBq m-2 
[2]. Here a similar seasonal trend as in Fig. 1 can be seen. The decay of isotope concentration with time resembles 
the Fukushima city data, with a similar half life of about 1 year for the decay. Fig. 4 shows 13 years of similar data 
for Vienna, Austria, following a deposition of ca. 5 kBq m-2 [3]. It also shows a double exponential fit to the data set 
(dashed line), yielding a half-life of 0.33 years for the early part and 3.5 years for the late part of the time series. For 
both Fig. 3 and 4, a guiding line for T1/2 = 1 year has been added. 
Taking into account the comparably low deposition density, absolute values are very high compared to 
Fukushima WWTP. 
2.3. Fukushima city WWTP I-131 data 
I-131 data from Fukushima city WWTP are shown in Fig. 5. Values above detection limit appear as sporadic 
peaks with similar amplitudes of up to 1000 Bq kg-1 and apparently cannot be originating from FDNPP due to the 
short isotope half-life. 
 
Fig. 5. Complete 2.7 years time series for I-131 in sludge (dry mass) for Fukushima city WWTP. 
3. Discussion 
3.1. Cs-137, long time scale 
On a long time scale, the time series from Japan and Europe appear very similar. This is not surprising, as 
radioisotope origin, atmospheric transport and deposition processes are quite similar for the FDNPP and Chernobyl 
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emissions. The climatic systems and the land use in both regions are also comparable. Thus, the weathering and 
erosion processes contributing to the transport of radioisotopes from the ground surface to WWTP sludge in urban 
areas should be comparable. It can therefore be expected that in the future the decay rate of Cs-137 concentration in 
WWTP sludge will become smaller, similar to the data shown in Fig. 4. 
Fig. 4 also makes clear that the decay of Cs-137 concentration in sludge cannot be described with one single time 
constant. Although the Fukushima city time series is still too short to numerically evaluate the long-term decay, the 
grey guiding line added to Fig. 1, obtained with the time constants from Fig. 4 (T1/2 = 0.33 and 3.5 yr), shows that a 
biexponential model might be successful. 
The surprising discrepancy between absolute surface deposition and sludge concentration between Japan and 
Europe can be explained by the properties of the sewer systems. In most European cities, at least part of the sewer 
system collects wastewater and rainwater in one single sewer, leading to a considerable contribution of weathering 
and erosion products to WWPT inflow and sludge. On the contrary, the sewer system in Fukushima city is of the 
separate type, with only small contribution of rainfall to WWTP inflow, estimated to be about 0.75 % in a recent 
publication [4]. If the sewer system had been of the mixed type, much higher isotope concentrations would have 
resulted, with, in consequence, more severe storage and disposal problems for contaminated sludge. 
A more quantitative evaluation of the data sets, currently under way, is expected to reveal erosion catchment 
areas and erosion rates and could therefore contribute to the understanding of terrestrial and aquatic pathways of 
radioisotopes in the FDNPP-affected regions. It might also help in identifying potential accumulation sites of 
radioisotopes within the ecosystem. 
3.2. Cs-137, short time scale 
The data shown in Fig. 2 show clearly that sharp rises in sludge Cs-137 concentration occur after individual 
rainfall events. This is an indication of rainfall-related contribution to sludge contamination. It might even be the 
case that, despite its relatively small leakage into the sewer system, rainfall-driven input is the main source of sludge 
contamination. Modeling of sewer transport and WWTP processes are under way in order to assess this hypothesis. 
3.3. I-131 
As visible in Fig. 1, I-131 peaks of similar amplitude of up to 1000 Bq kg-1 appear sporadically during the whole 
time series. The appearance of I-131 in sewage sludge is a common finding in radioisotope monitoring, and the 
explanation normally lies in the medical application of this isotope, mainly for thyroid treatment [5, 6]. Individual 
patients receive I-131 activities of up to several GBq. A considerable part of the activity (the fraction depends on the 
disease being treated) is excreted from the patient’s body and thus reaches the sewer system. Assuming a 100 MBq 
release from one patient during one week which reaches the WWTP and appears in the sludge, with a weekly sludge 
production of 315,000 kg (see section 2.1) a mean I-131 sludge concentration of 317 Bq/kg would result. As the 
retention of I-131 in WWTP sludge is low [5, 6], this is probably an upper estimate just showing that the assumption 
of medical application of I-131 as a source of the sludge findings can be reasonable. More detailed regional data on 
medical application of I-131 might help to further clarify this question. 
4. Conclusions 
Current data from Japan for routine radioisotope monitoring of wastewater treatment sludge prove to be useful 
for the prediction of trends, especially when compared to historical data, e.g. from Chernobyl emissions. From this 
comparison it can be expected that the downward trend of Cs-137 concentration levels will slow down, reaching a 
half life significantly longer than 1 year. 
The Cs-137 data also reveal a strong rainfall contribution, offering the possibility to further investigate and 
quantify the processes involved in weathering and erosion of deposited radioisotopes as well as of the processes 
occurring during wastewater treatment. 
Medical isotopes like I-131 can produce a contribution in monitoring – it is important to identify them and 
discriminate them from nuclear power related emissions. 
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